Introduction
Rheumatoid arthritis (RA) is a common inflammatory disorder characterized primarily by synovitis and pannus formation in multiple joints, causing joint destruction and irreversible disability in most cases. 1 The early diagnosis and aggressive management could greatly favor to treat the disease and to improve the clinical prognosis of RA. 2 Therefore, it is of uttermost importance in RA to recognize early synovitis and to monitor treatment efficacy of inflammatory arthritis.
In the clinical practice, medical imaging is an important tool and has become the mainstay of diagnosis and treatment monitoring. But various conventional imaging modalities are limited by their disadvantages. Radiographic examination that mainly relies on the presence of relatively late features, such as bone erosion and joint space narrowing, has poor sensitivity in early stages of disease. 3, 4 Ultrasonography and magnetic resonance imaging (MRI) have been found to have advantages over traditional radiography in terms of sensitivity, but these techniques can only provide anatomical information of established RA. [5] [6] [7] However, the use of these techniques is restricted as they are time consuming, highly examiner dependent, of high cost, and have limited availability, thus becoming an obstacle for fast and dynamic assessment of joint inflammation. Recently, there has been a growing demand for more rapid and sensitive tools to detect early synovitis and to monitor the response to therapy.
Near-infrared (NIR) fluorescence imaging is a novel imaging modality that is nonionizing and allows for fast image acquisition times. Also, it has the relatively low tissue absorption, scatter, and minimal auto-fluorescence at the NIR window of 650-900 nm. Meanwhile, through constructing the targeted probes, it can achieve sensitive and selected detection of biologic processes at the cellular and molecular levels, displaying significant potential to provide noninvasive molecular imaging for disease diagnosis. 8, 9 Integrin ανβ3, a well-known angiogenesis marker, is overexpressed in the activated endothelial cells (ECs) or during angiogenesis. 10, 11 Studies showed angiogenesis is an early event in the inflammatory joint, enabling activated monocytes to enter the synovium and expanding it into a pannus via ECs by active recruitment. [12] [13] [14] Moreover, Storgard et al demonstrated that using a αvβ3 integrin inhibitor during angiogenesis blockade in arthritis can decrease synovial inflammation and increase EC apoptosis, thus ultimately disrupting the progression of RA in preventative dosing regimens. 15 Therefore, in the present study, we first prepared the ανβ3-targeted fluorescence probes, and then explored the feasibility of NIR fluorescence molecular imaging to detect and evaluate the RA via ανβ3-targeted fluorescence probes. 
Materials and methods Materials
1,2-Distearoyl-sn-glycero-3-pho-sphoethanolamine-N- [met-hoxy(poly-ethyleneglycol)-2000] (DSPE-PEG 2000 ), 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[mal- eimide(polyethylenegl-ycol)-
Preparation and characterization of targeted probes
Firstly, DSPE-PEG 2000 -iRGD was synthesized through a reaction between DSPE-PEG 2000 -Mal and iRGD. Then, DPPC, cholesterol, DSPE-PEG 2000 , and DSPE-PEG 2000 -iRGD were dissolved in chloroform in a 55:40:4:1 molecular ratios, and later ICG was also added to the mixture of phospholipids. The mixture was then dried under N 2 gas and reduced pressure into a thin film, followed by vacuum desiccation for 3 h at room temperature according to our previous report. 9 ICG dissolved in 100% CH 3 OH was added to the lipid mixture, and then was dried into a thin film. The thin film was rehydrated at 65°C with phosphate-buffered saline (PBS, pH 7.4). Thus, the targeted probes (ICG-liposomes decorated with iRGD [iLPs]) were successfully prepared. Non-targeted probes (ICG-liposomes [LPs]) were prepared using the same method without the addition of DSPE-PEG 2000 -iRGD. The average diameter and size distribution of iLPs were determined by dynamic light scattering (DLS) (Zetasizer Nano ZS; Malvern Instrument, Malvern, UK). To examine the light exposure stability and imaging performance of targeted probes, samples of free ICG and iLPs containing 10 µg/mL ICG were exposed to overhead fluorescent tube lighting for 24 h, and fluorescent analysis was performed at 0 h, 12 h, and 24 h.
Cellular uptake of targeted probes in vitro
To confirm the targeting performance of iLPs probes, HUVECs (2×10 4 cells/well) were seeded into eight-well chambered cover glasses (Lab-Tek; Nunc, Naperville, IL, USA) with 200 µL of medium, and were incubated with a given amount of TNF-α to simulate the microenvironment of RA. After 24 h, the media were replaced with new media containing LPs or iLPs. The doses of ICG were kept at 10 µg/mL. To test the binding specificity of targeted probes, HUVECs were also pre-blocked by treating with free iRGD for 30 min before adding iLPs. After 3 h of incubation, the cells were washed three times with PBS, followed by fixing with 4% paraformaldehyde for 20 min. After that, the nuclei were stained with 10 µg/mL 4,6-diamidino-2-phenylindole (DAPI) for 5 min and washed thrice with PBS. The fluorescence images were acquired by confocal laser scanning microscope (TCS SP5; Leica Microsystems, Wetzlar, Germany).
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Monitoring of synovitis in mice using near-infrared fluorescence imaging animals and arthritis model Approval from the Institutional Animal Care and Use Committee of The Third Affiliated Hospital of Southern Medical University was obtained before the study began. First, an intradermal injection of 200 µg of bovine type II collagen emulsified in 200 µg of complete Freund's adjuvant was given to the male DBA/1J mice (8 weeks old; Weitonglihua, Beijing, China) to induce collagen-induced arthritis (CIA). Next, a booster intradermal injection of 100 µg of bovine type II collagen in incomplete Freund's was given to these mice at 21 days after the primary immunization.
Radiographic imaging and NIR fluorescence imaging in vivo
At 2 weeks after secondary immunization, radiographic imaging (X-ray) was performed to assess the joints, thus determining no bone destruction and arthrostenosis in CIA models. Firstly, mice with two symptomatic paws were selected for NIR fluorescence imaging to demonstrate the availability of the imaging modes by iLPs. Mice were intravenously injected with LPs or iLPs, respectively. The equivalent ICG dose was kept at 0.5 mg/kg. The NIR images of mice were obtained at predetermined time points (15 min, 1 h, 3 h, 6 h, 12 h, 24 h) using the ex/in vivo imaging system (Carestream FX Pro; Carestream Health Inc., Toronto, CA, USA) with a 704 nm excitation wavelength and 745 nm filter. Then, mice with one symptomatic paw were selected to demonstrate the accuracy of the imaging modes by iLPs. Then, mice were intravenously injected with iLPs, LPs, or free ICG, respectively. The NIR images of mice were also obtained at predetermined time points (15 min, 2 h) using the ex/in vivo imaging system. At 24 h after injection, the mice were sacrificed and main organs including heart, liver, spleen, lung, and kidney were harvested. Then, main organs were photographed to analyze the biodistribution of iLPs or LPs using the ex/in vivo imaging system. All semi-quantitative data was obtained by Carestream MI software (Carestream Health Inc.).
Histological analysis
To test the sensitivity and accuracy of NIR imaging based on iLPs, and the safety of targeted probes, the mice were sacrificed by anesthesia, and the knee joints and major organs (heart, liver, spleen, lung, and kidney) were harvested, fixed with formalin, and embedded in paraffin. About 7 µm sections were cut with a paraffin slicing machine, followed by staining with hematoxylin-eosin (H&E) dye. To further analyze the relationship between the severity of CIA and fluorescence signal, the immunohistochemical staining of VEGFA and TNF-α was performed. 
Results
Characterization of targeted probes
iLPs were successfully prepared by thin-film rehydration method ( Figure 1A) , and the TEM images of iLPs are displayed in Figure 1B . The average diameter of iLPs was measured by DLS, which showed a size of 86.75±0.42 nm ( Figure 1C ). We next evaluated the fluorescence stability of iLPs. Figure 1D and E indicates that the stability of iLP was superior to that of free ICG (P,0.01, Student's t-test). The fluorescence intensity of iLPs decreased to 79.6%±4.8% of the initial value after 12 h of light exposure and there was no great decrease until 24 h. In contrast, the fluorescence intensity of free ICG in solution decreased to 15.0%±2.3% of its initial value after 12 h of light exposure and fluorescence signal hardly appeared after 24 h of light exposure.
Cellular uptake of targeted probes in vitro
To investigate the targeted uptake behavior of iLPs, activated HUVECs were incubated with LPs, iLPs, and free ICG. The confocal fluorescence microscopic images are shown in Figure 2 , which shows that significantly stronger fluorescence signal is emitted from the cells after incubation with iLPs. But preblocking in the presence of an excess of free iRGD significantly decreased the number of iLPs attached to HUVECs. In addition, it was found that few LPs and free ICG were bound to HUVECs.
The NIR fluorescence imaging in cIa models
CIA models were successfully induced by injection with collagen and Freund's adjuvant, as shown in Figure 3A . By radiographic imaging, it was confirmed that there was no bone destruction and arthrostenosis in the joints with slight clinical manifestations, such as redness and swelling, showing the early manifestations of arthritis ( Figure 3B-D) . To investigate the effectiveness of NIR imaging by iLPs in CIA models, images were obtained at fixed time intervals after intravenous injection of the targeting probes ( Figure 4A ). At 15 min after injection, strong fluorescence signal was detected in two swelling paws, and the fluorescence signal in the iLPs group was 3.03-fold higher than that the in LPs group (P,0.01, Student's t-test). As the time passed, peak fluorescence signals were observed at 6 h after administration of iLPs, and the signal intensity in iLPs was 4.25-fold higher than in LPs, and the original low fluorescence signals in the LPs group had decreased at 3 h after injection. Within 24 h, the fluorescence signals in iLPs group was always higher than that in LPs group, thus indicating that the NIR fluorescence imaging by iLPs possessed high sensitivity and stability ( Figure 4B) .
To demonstrate the accuracy of the imaging modes by iLPs, mice with one symptomatic paw were selected and the photos were attained at fixed time points by NIR imaging. At 15 min after injection, the fluorescence signal from 
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Monitoring of synovitis in mice using near-infrared fluorescence imaging iLPs was localized selectively in inflamed paws, whereas the signal could almost not be observed in the non-inflamed paws, thus showing high accuracy for iLPs ( Figure 4C ). For LPs and free ICG, the fluorescence signal in the inflamed paws was far weaker than for iLPs. At 2 h after injection, the accumulation of iLPs in the inflamed paws did not show a great change, almost achieving the peak of the fluorescence signal. Notably, the signal of free ICG in the inflamed joints had dispersed after 2 h, and the false positive results can be seen in non-inflamed paws of LPs group. 
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The biodistribution of targeted probes and safety in main organs
At 24 h after injection of targeted probes, the biodistribution of targeted probes was analyzed ( Figure 5A ). The semiquantitative analysis of fluorescence intensities of ex vivo organs showed that the fluorescence signals were mainly detected in liver and spleen ( Figure 5B ). For iLPs and LPs, there was no significant difference in the signal within the same organs (P.0.05, Student's t-test), but the fluorescence signals in spleen was a little higher than that in liver (P,0.01, Student's t-test), which is in contrast to the results reported by the previous studies that were conducted in tumor models. When the safety of targeted probes was evaluated, histological analysis of the main organs from mice treated with iLPs did not find any appreciable abnormality when compared with the organs from normal mouse ( Figure 5C ). To some extent, iLPs were tolerable and showed no obvious acute toxicity in the examined mice.
Histological analysis
To further investigate the accuracy of NIR imaging, tissue sections of inflamed and non-inflamed joints were examined by H&E staining and immunohistochemical staining of VEGFA and TNF-α. Figure 6A and B displays images of inflamed and non-inflamed joints and synovium. The results indicated that inflamed paws showed only slight synovial hypertrophy with no bone destruction as well as overexpression of VEGFA and TNF-α. The results are similar to those obtained by NIR imaging of iLPs.
Discussion
Early diagnosis and effective monitoring of RA are important for a favorable prognosis. Moreover, medical imaging, as an indispensable tool, has become the mainstay of diagnosis and treatment monitoring for RA. 3 Early studies mainly focused on conventional radiography, which allows the visualization of anatomical changes in established RA, such as joint space The semi-quantitative analysis for biodistribution of iLPs and LPs; there was no significant difference in the same organs (P.0.05), but the fluorescence signals in spleen was a little higher than in liver (**P,0.01), which is different from the previous studies which were conducted in tumor models. (C) H&E stained images of major organ slices collected from normal DAB/1J mice and RA models treated with iLPs; no significant difference was observed, showing that iLPs had a favorable safety profile. Abbreviations: H&E, hematoxylin-eosin; iLPs, ICG-liposomes decorated with iRGD; LPs, ICG-liposomes; ICG, indocyanine green; iRGD, targeting peptide (CRGDKGPDC); ra, rheumatoid arthritis.
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Wu et al narrowing, erosions, and juxta-articular bone loss. 4 Subsequent studies suggested that MRI can detect not only synovial hyperplasia, cartilage degradation, and bone changes but also signs of RA in the pre-erosive phase. 5, 7 While most of these studies have greatly improved in anatomical imaging of established RA, recent studies found that optical fluorescence imaging based on fluorescence probes can provide more meaningful information in early RA. [16] [17] [18] [19] [20] [21] In our current study, we found that ανβ3-targeted in vivo fluorescence imaging in CIA models is a sensitive, specific, and quantifiable molecular imaging technique. These findings were consistent with those reported by other studies that used targeted fluorescence probes to overcome the limitations in the diagnosis of early RA. [22] [23] [24] For example, Gompels et al reported that the mean fluorescence intensity measured in CIA models demonstrated a 2.34-fold increase in inflamed paws at 8 hours following injection of NIR fluorescencelabeled E-selectin antibody, as compared to that in the control antibody. 23 Yet, our results go well beyond these findings as we achieved the primary goal of demonstrating that the mean fluorescence signal measured in CIA models obtained a 3.03-fold increase in inflamed paws at 15 min following injection of iLPs when compared with LPs. In addition, the peak fluorescence signal in iLPs was 4.25-fold higher than that in LPs at 6 h after injection, thus indicating favorable availability of iLPs. Taken together, this is thought to occur due to the introduction of iRGD peptides, which can specifically bind to the integrin αvβ3 receptor which is overexpressed in angiogenesis. 25, 26 With regard to in vitro cellular uptake, iLPs showed a favorable targeted ability compared to LPs. Moreover, studies demonstrated that angiogenesis is an early event in the inflammatory joint that is fundamental for enabling activated monocytes to enter the synovium and expand it into a pannus via ECs by active recruitment, resulting in cartilage degradation and bone destruction. [12] [13] [14] Furthermore, studies also showed that ECs lining the synovial blood vessels express integrins, such as αvβ3, early in blood vessel formation, and later express adhesion molecules (eg, E-selection) and ki-67, which are markers of EC adhesion and proliferation. 27, 28 Therefore, for an early RA diagnosis, fluorescence imaging based on integrin αvβ3, to some extent, was superior to that based on anti-E-selectin NIR fluorescence probes and protease-activated NIR fluorescence probes (proteases are produced by macrophages via synovial blood vessels by active recruitment).
While these results are exciting in achieving the primary goal of using iLPs to achieve sensitive NIR fluorescence imaging, it must be acknowledged that favorable specificity was also essential for the diagnosis of early arthritis. Along these lines, mice with one symptomatic paw were selected and the photos were obtained at fixed time points by NIR fluorescence imaging. At 15 min after injection, the fluorescence signal from iLPs localized selectively in the inflamed paws, whereas the signal can almost not be observed in the non-inflamed paws. These results were further confirmed by H&E staining and immunohistochemical staining of VEGFA 
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Monitoring of synovitis in mice using near-infrared fluorescence imaging and TNF-α. Histological analysis displayed that the paws with strong fluorescence signal showed slight synovial hyperplasia and new vessels, and the paws with no fluorescence signal were confirmed to be the normal joint, further showing high accuracy of iLPs. For the groups injected with LPs and free ICG, the fluorescence signal in the inflamed paws was stronger in the LPs group than that in the free ICG group. The phenomenon may be interpreted by the following reasons. Firstly, ICG entrapped in liposomes can avoid binding to plasma proteins after intravenous injection, followed by rapid liver elimination and bile excretion pathway, and increase the amount of ICG monomer, thus improving the stability of ICG. 29 Additionally, dysfunctional vessels in RA, like tumor vessels, increased the leakiness and permeability of vessels, which enhanced the LPs accumulation in inflamed joints by enhanced permeability and retention (EPR). 10 Similar phenomenon was also reported where ICG-lactosome fluorescence in inflamed paws was higher than free ICG in inflamed paws. But the initial time and peak time of fluorescence signal in ICG-lactosomes occur much later than those in LPs, which may be attributed to the ability of cells to internalize liposomes more rapidly over that to internalize lactosomes. 30, 31 Taken together, the above mentioned findings further explain the reason for rapid aggregation of iLPs in the inflamed paws within just 15 min.
Compared with the availability of targeted probes, the biodistribution of probes was equally important, which is closely related to biosafety and validity. With regard to biodistribution, the accumulation of iLPs or LPs in spleen was found to be a little higher than in liver through ex vivo NIR imaging, which was different compared to the previous reports in tumors showing that the accumulation of nanoparticles in liver was much more than that in spleen. This slight difference may originate from the CIA models and the size of nanoparticles. The CIA models were induced by immunization in DAB/1J mice, but not in Babl/C mice or C57 mice, which are tumor models. Studies also demonstrated that the volume of spleen in CIA models was much larger than in normal mice, 32 which may facilitate phagocyte migration to spleen. In addition, nanoparticles of size less than 200 nm can remain in circulation for a longer period of time and can easily be swallowed by the spleen due to their rich blood supply and the abundance of tissue-resident phagocytes. 33 Although the NIR fluorescence imaging method based on iLPs has some advantages, we acknowledge several limitations in our study. Firstly, although the CIA mice used in many studies is a well characterized RA model, the CIA models can not completely reflect RA. Additionally, the early RA was evaluated only according to radiological imaging, which may not be sufficiently accurate. We controlled the time course of induction, making them keep in the early stage of disease as soon as possible.
Conclusion
Noninvasive NIR fluorescence imaging using iRGD-targeted liposomes as fluorescence probes may facilitate improved arthritis diagnosis and early assessment of the disease progression by providing an in vivo characterization of angiogenesis in inflammatory joint diseases. In the future, it could certainly offer more potential clinical benefits, including a suitable therapy choice, therapy dosing, quantitative early evaluation of clinical outcome, and more effective drug development.
